ABSTRACT: Plasmonic effects associated with localized surface plasmon (LSP) resonances such as strong light trapping, large scattering cross-section, and giant electric field enhancement have received much attention for the more efficient harvesting of solar energy. Notably, even as the thickness of the active layer is significantly reduced, the optical absorption capability of a solar cell could be maintained with the incorporation of plasmonic effects. This is especially important for the development of bulk heterojunction (BHJ) organic solar cells (OSCs), where the short exciton diffusion length, low carrier mobility, and strong charge recombination in organic materials strongly favors the use of optically thin active layers (<100 nm). However, the disappointing performance improvements obtained with plasmonic effects in the majority of BHJ OSCs realized to date suggests that plasmonic effects are yet to be fully taken advantage of; for example, in thick active layer OSCs (>100 nm), the optical absorption is already high, even in the absence of plasmonic effects, while in thin active layer OSCs (<100 nm), insufficient attention has been given to the analysis of plasmonic effects, such as the impact of plasmonic nanoparticle (NP) geometrical factors on the directional scattering efficiency. In this paper, we propose and demonstrate that the geometrical tuning of spheroidal plasmonic nanoparticles (NPs) could enable the full exploitation of plasmonic effects, providing dramatic improvements to the light absorption and energy harvesting capability of ultrathin film BHJ OSCs. Our theoretical analysis demonstrates a dramatic enhancement in optical absorption of ∼60% with spheroidal NPs embedded in a BHJ OSC device with ultrathin, <100 nm active layer, as compared to an NP absent reference device. These improvements are explained according to enhanced scattering of light into the active layer plane, spectral broadening of absorption resonances, in addition to an increased plasmonic modal volume, exhibited near LSP resonances of spheroidal NPs with optimal eccentricity. The result of our coupled optical-electrical device simulations also proves that the outstanding optical absorption enhancement obtained from the proposed device indeed translates into significant electrical performance gains; such as a ∼30% increase in the short-circuit current and ∼20% improvement in the power conversion efficiency (PCE).
B
ulk heterojunction organic solar cells with active layers comprising regioregular mixtures of polymer donor and fullerene acceptor materials have been envisioned as a promising next generation energy harvesting device due to their lightweight, mechanical robustness, and low-cost, allsolution processing and fabrication. 1−6 Nonetheless, currently inhibiting the wide scale emergence of BHJ OSCs is the poor carrier mobility and short exciton diffusion length in organic semiconductors that restricts their active layer to very small thicknesses, greatly diminishing their optical absorption and power conversion efficiency (PCE) to well below that of their inorganic counterparts (e.g., those based on Si, GaAs, CdTe, Cu(In, Ga)Se 2 , etc.). Efforts to address this issue have been thrust in two main directions. One of these emphasizes improvement of the constituent materials and their morphological implementation, such as development of new donor/ acceptor organic materials 7−11 or the introduction of efficient hole/electron transport layers via new process/postfabrication treatments, 11−13 and numerous morphological optimizations [2] [3] [4] [5] 14, 15 (e.g., advanced heterojunction structure and blend network). The other main direction has been toward improving the optical absorption capability of the device, especially in the active layer, through the introduction of plasmonic effects utilizing the strong field localization and scattering of metallic nanostructures. For example, localized surface plasmon (LSP) resonances supported by metallic gratings, 16, 17, 33 nanostructures, 18, 19 and nanoparticles (NPs) 20−22,30−32,34−36 embedded in the active layer, and their electromagnetic coupling to a metallic backplane electrode to form hybridized plasmonic resonances, 23−26 have been shown to enhance light absorption in the active layer. Of special note are theoretical and experimental studies of OSCs loaded with various compositions, shapes, and geometrical arrangements of plasmonic nanoparticles such as cooperative Ag−Au NPs, 27 dual-plasmonic nano structures, 16 various shape NPs, 20, 21, 28 and shell-coated silver NPs, 22 which could be manufactured and deposited entirely using simple and low-cost all-solution processes. 11, 29 Nevertheless, most of these studies have focused on the incorporation of NPs into optically thick active layers (>100 nm) resulting in minor performance gains with plasmonic effects. Indeed, for the challenging design of OSCs with ultrathin active layers (<100 nm), insufficient attention and efforts were made so far for the full exploitation of plasmonic effects, for example, to the geometrical factors of NPs that provide optimal light trapping conditions, specifically tailored for ultrathin solar cell applications. Moreover, only very few theoretical studies have presented coupled optical-electrical multiphysics modeling for both plasmonic inorganic and organic solar cells, which to-date has included grating, 49, 51 Ag back corrugation 65 and metal NP loaded devices, 50 yet it is the only route toward the precise modeling and assessment of the role of plasmonic effects in the actual device performance.
Here we propose and theoretically demonstrate that the introduction of spheroidal nanoparticles with optimal eccentricity into ultrathin (<100 nm) BHJ OSCs can dramatically enhance their light harvesting capability by improving the optical absorption in the active layer by up to ∼60%. Our rigorous optical-electrical coupled numerical calculations show that the eccentricity of spheroids plays a crucial role by increasing the directionality of scattered light into the plane of the active layer, as compared to their purely spherical counterparts. From our newly developed coupled opticalelectrical multiphysics model implemented in COMSOL, we show that the improved optical absorption capability of OSCs with spheroidal NPs translates into a PCE enhancement of ∼20% compared to an NP absent reference device. This work demonstrates that ultrathin OSCs with plasmonic NPs can provide comparable optical absorption capability to those based on much (several times) thicker active layers, and constitutes, to our knowledge, the largest predicted plasmonic enhancement of optical absorption in organic solar cells.
■ RESULTS AND DISCUSSION
We start by discussing the effects of spheroid eccentricity on the directionality of scattering and LSP resonances of metallic spheroidal NPs. Figure 1a shows finite element method (FEM) calculations (see Methods) of the total scattering cross section (σ scatt ) for an isolated Ag spheroid immersed in a bulk medium of refractive index n = 1.9 (the average index of common BHJ OSC active layer material P3HT:PC 61 BM in the considered wavelength range 300 nm ≤ λ ≤ 800 nm) when illuminated by a plane wave propagating in the direction of the spheroid minor axis (see inset of Figure 1a ), at several different eccentricities. The eccentricity parameter (e) is defined ase 2 = 1 − r z 2 /r x,y 2 , where r z is the minor axis and r x,y are the lengths of the major axes. The curves in Figure 1a correspond respectively to a sphere (e = 0, r = 30 nm), slight oblate spheroid (e = 0.75, r x = r y = 45 nm, r z = 30 nm), and the optimized spheroid (e = 0.89, r x = r y = 65 nm, r z = 30 nm); the optimized spheroid is that which is shown below to provide the maximum plasmonic enhancement of PCE in the considered OSCs. The maximum of σ scatt at each eccentricity seen in Figure 1a corresponds to the dipolar LSP resonance of the spheroidal NP (see Supporting Information, Figure S1 ). Increasing the eccentricity is seen to provide an overall increase of σ scatt across the entire spectral range, and a broadened, red-shifted LSP resonance. Figure 1b shows the scattering pattern of each spheroid, obtained by summing the pointing vector flux at a given angle θ (the polar angle describing the x−z plane) over the considered wavelength range and normalizing to the maximum value of the optimized spheroid. Interestingly, an increased eccentricity of the spheroid results in more light being scattered into the plane parallel to the spheroid major axis (i.e., the xy plane), which we denote as the in-plane direction. Indeed, the percentage of energy scattered into the angular ranges −45 ≤ θ ≤ 45 and 135 ≤ θ ≤ 225 (degrees) is 22.5, 30.3, and 36.8%, for e = 0, 0.75, and 0.89, respectively. The origin of the improved in-plane scattering is well explained by the increase of uniaxial polarizabilities (α x,y ), as evident from the expression α κ = 4πa 2 (ε NP (ω) − ε S )/(3ε S + 3L κ (ε NP (ω) − ε S )), κ = x,y,z, where ε NP (ω) and ε S are the permittivities of the spheroid NP and surrounding medium, and L κ is the geometrical factors given by
and L x = L y in an oblate spheroid. 37, 38, 40 From these expressions we find that an increase of the eccentricity leads to both an enhancement of the in-plane polarizability (α x,y ) compared to that along the minor axis (α z ), and a red shift of the α x,y polarizability resonance. We note that the relative increase in α x,y over α z physically manifests as an increased surface charge concentration that builds up around opposing points of the spheroid equator, becoming more evident as the eccentricity is increased (see Figure S1) ; compare with the sphere where the induced charges are more evenly spread out with azimuthal symmetry. This broken azimuthal symmetry of charge accumulation in the oblate spheroid leads to a departure of the scattering pattern from the classical dipolar scattering pattern exhibited by a sphere, skewing it toward the in-plane direction. We also note that the increased surface charge density in the spheroid case can as well provide regions with significantly larger plasmonic enhancement of electric field compared to the regions of electric field enhancement nearby the sphere (see below).
Considering the above results, we hypothesize that loading oblate spheroidal NPs into a thin active layer of a BHJ OSC (with the spheroid major axis parallel to the active layer) would increase its optical absorption capability by directing more of the incident light into the in-plane direction of a the active layer. The proposed BHJ OSC device is presented in Figure 2a : a 90 nm thick P3HT:PC 61 BM active layer coated with a 10 nm thick PEDOT:PSS hole transport layer, sits atop a bulk Ag substrate (cathode). The thin Ag wire network (anode) serves as an electrical contact at the device edges and is not considered in the optical simulations. In the optimization, we adjust the thickness of the active layer, as well as the period between NPs to achieve maximum plasmonic enhancement of the PCE. The optimization process is as follows: For a given periodic spheroid NP array, using the finite element method (FEM) calculations, 44 we calculate the absorption spectrum from which we determine the short circuit current weighted according to the AM1.5G incident solar irradiance. Then, in an equivalent thickness of the controlled BHJ OSC, we optimize a period of the loaded spheroid for the greatest PCE from the device. It is important to note that there do existed device parameter sets that provide larger optical absorption (e.g., 55 .27%, and PCE 3.84%, at 65−30 nm oblate spheroid with period 210 nm) than our stated optimal structure, although the overall opticalelectrical optimal design point of the device was found at 65− 30 nm oblate spheroid with period 230 nm (PCE 4.02%, optical absorption of 53.6%). All presented results correspond to the optimal (with respect to PCE) thickness of active layer (90 nm) and period of spheroid placement: P = 200, 210, 230, for e = 0, 0.75, and 0.89, respectively. It is also noted that since each oblate spheroid is rotationally symmetric about its minor axis which is parallel to z, and since the spheroids are arranged into a square lattice as shown in Figure 2a , the absorption and scattering spectrum of the array is invariant on rotation of the structure by 90°in the x−y plane (with respect to a fixed incident wave). Figure 2b shows the percentage absorption (i.e., the ratio of number of photons absorbed to number of incident photons at a given wavelength) in the active layer, excluding metallic absorption, and the absorption enhancement of the NP loaded OSCs as compared to an NP absent reference structure (with all other geometric parameters the same), when the OSCs are illuminated by normally incident light with power weighted according to the AM1.5G solar spectrum. Here we can see that the inclusion of spheroidal NPs with eccentricity increasing toward the optimal value (red curve) provides dramatically increased absorption as compared to both the NP absent reference (purple curve) and the spherical NP case (blue curve): the cumulative improvements to absorption are found to be 57.6% and 18.8%, respectively, from integrating the absorption over the considered spectral range. Furthermore, we note that these improvements to the optical absorption are sustained at large oblique angles of −70 ≤ θ ≤ 70 (degrees) (see Supporting Information), guaranteeing effective all-day usage of the device.
It is evident from Figure 2b that the spheroidal NPs impact the absorption spectrum in two main ways. First, they greatly improve light trapping in the active layer within the main absorption peak of P3HT:PC 61 BM where 400 nm ≤ λ ≤ 630 nm. Second, at longer wavelengths λ > 630 nm, the apparent resonant peaks in the absorption enhancement are significantly broadened by increased spheroid eccentricity. To assess the physical origins of absorption enhancement in the considered device, we start by confirming whether the enhanced in-plane scattering is preserved when NPs are placed in the vicinity of a metallic substrate. In Figure 2c we show the scattering cross section of an individual Ag spheroidal NP embedded in the device (i.e., as an element of the array) at several eccentricities. In comparison with Figure 1a , σ scatt for each spheroid in the device now exhibits a broad background resonance corresponding to the spheroid LSP mode, onto which is superposed several narrow maxima corresponding to successive orders of hybridization between the spheroid LSP mode and its image charges in the metallic substrate (see Figure S3 ), which we denote as hybridized gap modes (HGMs). 41, 42, 68, 70 The increased eccentricity of the spheroid, providing a smaller average distance between the substrate and NP surface, leads to a blue shift and broadening of the HGM resonances, in good agreement with previous reports on HGMs. 43 The scattering patterns of modes (1), (2), and (3) at their respective resonant wavelengths, presented in Figure 2d −f, show that the HGMs also exhibit enhanced in-plane scattering when the spheroid eccentricity is increased. Indeed, the scattering into the cumulative angular range −45 ≤ θ ≤ 45, 135 ≤ θ ≤ 225 (degrees) by the optimal spheroid was calculated to be ∼1.8 (HGM mode (1)) and ∼3.7 (HGM mode (2)) times that of the spheres (e = 0), in which light is most prominently directed toward or away from the Ag substrate. Thus, we may conclude, on comparing Figure 2c with Figure 2b , that improved in-plane scattering of the spheroids with increased eccentricity near the HGM resonances is primarily responsible for the dramatic enhancements to the absorption of the device at longer wavelengths λ > 630 nm. Furthermore, we note that the overall increase of the scattering cross-section to the left of the LSP resonance exhibited at increased eccentricity also provides significant enhancements to the optical absorption at shorter wavelengths λ ≤ 630 nm. At higher eccentricity than the optimal value, while an even broader enhancement of scattering could be possible, the increased ohmic losses due to the increased metal volume in the active layer eventually start to reduce the PCE of the solar cell.
Besides increased in-plane scattering, local electric field enhancement in the near-field region of spheroids at the HGM resonances will also contribute to improved absorption in the active layer, since the local electron−hole-pair production rate is proportional to the local electric field intensity. In Figure 3 we show color maps of the electric field magnitude inside the (a) NP absent reference and (b−d) spheroidal NP loaded devices with e = 0, 0.75, and 0.89, under normally incident illumination; the wavelength of the incident light was chosen to be λ = 600 nm which is near the absorption peak labeled (1) in Figure 2c . Insets of each panel in Figure 3 show the xdependent optical absorption (i.e., A X (λ,x) = ∫ AL A loc (λ,x,y,z)-dydz, where A loc (λ,x,y,z) is the local optical absorption in a unit cell, and AL denotes integration across the active layer for y, and film thickness for z) and cumulative absorption ∫ −P/2 x A X (λ,x′)dx′; P is the period of the structure, and integration is across the active layer for x). It is apparent by comparing Figures 3b−d that an increase in the spheroid eccentricity (and, an associated increase in r x and r y ) has significantly increased the volume of the near-field region that contains strong electric field; this is explicitly shown by the contour demarcating regions where |E| ≥ 2 × |E max |exp(−1).
Indeed, calculations of the active layer volumes enclosed by the contours in Figure 3b −d shows that the modal volume of the optimal spheroid is ∼1.8 times larger than that of spheres (e = 0) when normalized to the total active layer volume.
Having demonstrated the superior light collection capability of our proposed spheroidal NP loaded BHJ OSC, we now determine the actual device performance by calculating its electrical characteristics (see Methods). Our electrical model takes as input the exciton generation rate, G opt , which can be calculated directly from the local electric field intensity (see Figure S6) , and enters as a source term in coupled Poisson and continuity equations. The coupled Poisson-continuity system of equations is solved using FEM to obtain the short circuit current (J sc ), incident photon to electron conversion efficiency (IPCE), and current density−voltage (J−V) characteristics. Figure 4a ,b shows the spectral response of J sc , IPCE, and IPCE enhancement for both spheroidal NP loaded and NP absent reference devices. Similar in form to the absorption spectra, we find that the IPCE exceeds 70% in the range 440 nm < λ < 630 nm, while J sc is significantly enhanced in the broadband range 340 nm < λ < 800 nm; the sharp drop off of J sc outside this region is understood according to the weak incident solar irradiation power at short wavelengths. The plot of IPCE enhancement factor in Figure 4b is closely coincident with the spectra of the absorption enhancement factor in Figure 2b , demonstrating that the plasmonic enhancement provided by the Ag spheroids is responsible for the performance increase. The J−V characteristics of NP loaded devices and the reference device is also shown in Figure 4c .
Summarized in Table 1 are quantitative details of the device electrical performance. The reference device exhibits a power conversion efficiency of 3.36%, an open-circuit voltage of 0.618 V, a short circuit current 8.41 mA/cm 2 , and a fill factor (FF; J max V max /J sc V oc ) of 64.7%, in reasonable agreement with previous experimental reports. 4 ,9−11 Meanwhile, our proposed BHJ OSC with optimized spheroidal NPs shows a power , and a FF of 61.1%. In comparison with the reference device, this constitutes very large improvements to J sc and PCE; approaching ∼30 and ∼20%, respectively. It is noted that the device with optimized spheroids also significantly outperforms the spherical (e = 0) NP loaded device, exhibiting ∼15% and ∼14% improvements in J sc and PCE, respectively, thus, proving the importance of the geometrical optimization of NPs in deriving the best device performance of ultrathin solar cells, in this case, through the modal volume increase and in-plane scattering maximization. While BHJ OSCs with P3HT:PC 61 BM active layers having PCEs of 4−5% have been reported, 4, 5, 11, 15, 21 it is emphasized that the PCE of 4% in our proposed device is a significant achievement, considering that the active layer is ultrathin by a factor of ∼1.5−3 1, 11, 15, 21 (assuming the same materials).
■ CONCLUSIONS
In conclusion, we have proposed, systematically analyzed, and demonstrated a simple and novel approach for maximizing plasmonic enhancement in organic solar cells, challenging the obstacles of weak optical absorption and short electrical carrier diffusion lengths. Under the setting of spheroidal metallic nanoparticles embedded in ultrathin active layers of conventional P3HT:PC 61 BM OSCs, we have suggested and demonstrated enhancement of scattering into the ultrathin active layer plane, and increased near-field volumes of strong optical absorption; which together dramatically improve the optical absorption of organic solar cells. Dramatic improvements of ∼60% to the optical absorption, ∼30% to the shortcircuit current, and ∼20% to the PCE in the proposed device as compared to a nanoparticle absent reference, have been demonstrated using coupled optical-electrical FEM numerical analysis of the device. The proposed platform of spheroidal metallic nanoparticles should be applicable to various ultrathin semiconducting materials opening opportunities for a range of highly efficient bulk heterojunction organic solar cells.
■ MATERIALS AND METHODS
Coupled Optical−Electrical Device Simulations. All simulations were performed using the finite element method (FEM) implemented in COMSOL Multiphysics. 44 Simulations consisted of two parts sharing a common FEM mesh. First, an optical part which solves Maxwell's equations for specified illumination conditions and whose output is the electric field intensity |E(x,y,z)| In the optical simulations, perfectly matched layers (PML) were used at the top and bottom unit cell boundaries, and periodic boundary conditions between neighboring unit cells. In electrical simulations, the P3HT:PC 61 BM/Ag and P3HT:PC 61 BM/PEDOT:PSS interfaces were included as ohmic and Schottky contact boundary conditions, respectively, and periodic boundary conditions between neighboring unit cells. The exciton generation rate (in the active layer) is given by G opt (λ) = ((ε″|E(λ,x,y,z)|)/(2ℏ)), where ε′′ is the imaginary part of dielectric permittivity, and ℏ is the reduced Planck constant. Due to the disordered polymeric nature of P3HT:PC 61 BM, charge transport is modeled as a stochastic hopping process with Gaussian energy distribution. 54, 57, 59, 60 The spatially dependent electron or hole mobility is a function of local electric field magnitude according to the Poole-Frenkel model: 61, 66 μ(E,T) = μ 0 exp(γ((E 1/2 )/(T))), where μ 0 is the zero-field mobility, γ is a material related activation energy, and T is the temperature. The coupled Poisson, and exciton, electron, and hole continuity equations are given by
where k B is the Boltzmann constant, ϕ is the electrostatic potential, D x is the exciton diffusion coefficient, μ n and μ p are the electron and hole motilities, N d + and N a − are the concentration of ionized donors and acceptors, and p, n, and x are the densities, p eq , n eq , and x eq are the equilibrium densities, and τ n , τ p , and τ x are the lifetimes of electrons, holes, and excitons, respectively. We note that the band-to-band Langevin bimolecular recombination, 62 trap-assisted Shockley−Read− Hall (SRH) recombination 63 and surface recombination 56 are included in the continuity equations (eqs 2−4); deep trap states are not considered, which is a common assumption in the modeling of plasmonic solar cells. These states negligibly contribute to the space charges field. 49, 51, 52, 54 For the dissociation rate, we use the Staudigel's dissociation 64 expressions, which include local changes in the exciton density due to interactions with holes and electrons. More specific simulation details of the electrical simulation part such as determination of preillumination electronic equilibrium parameters can be found in refs 51, 52, and56. J−V curves are obtained by applying a potential difference between top and bottom boundaries of the unit cell. From these J−V curves, we can calculate all standard solar cell performance parameters, such as J sc , V oc , FF, IPCE, and PCE.
Scattering Cross-Section Calculations. For the single isolated particle in a homogeneous medium, we use PMLs at the computational boundaries under the scattered field formulation. For particles in the BHJ solar cell structure, simulation conditions were as described in the previous Methods, and a two-step scattered field formulation was used. 43, 69 The scattering cross section is then calculated by its definition:
total,sc 0 total,sc (5) where n is the vector normal pointing outward from the surface of integration, S total,sc is the Poynting vector calculated from the scattered field, I 0 is the incident intensity, and the integral is evaluated over the particle surface.
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